[1] We present a new global study of the transition zone from Pds converted waves at the 410-and 660-km discontinuities. Our observations extend previous global Pds studies with a larger data set, especially in oceanic regions where we have been able to measure Pds travel times, sampling the mantle transition zone (MTZ) beneath 26 hotspot locations. We find significant lateral variations of the MTZ thickness. Both the maximum variations (±35-40 km) and the long-wavelength pattern are in overall agreement with previous SS precursors studies. The MTZ is generally thick beneath subduction zones, where the observed MTZ variations are consistent with thermal anomalies ranging between À100°K and À300°K. In Central and North America, we observe an NW-SE pattern of thick MTZ, which can be associated with the fossil Farallon subduction. We do not find clear evidence for a thin MTZ beneath hotspots. However, the 410-km discontinuity remains generally deepened after correcting our Pds travel times for the 3D heterogeneities located above the MTZ, and its topography variations can be explained by thermal anomalies between +100°K and +300°K. The depth of the 660-km discontinuity may be less temperature sensitive in hot regions of the mantle, which is consistent with the effect of a phase transition from majorite garnet to perovskite at a depth of 660 km. 
Introduction
[2] Most recent studies of the mantle transition zone (MTZ) 410-km and 660-km seismic discontinuities have been based on reflected and converted waves [e.g., Shearer, 1991; Flanagan and Shearer, 1998; Gu et al., 1998; Chevrot et al., 1999; Deuss et al., 2006; Lawrence and Shearer, 2006] .
[3] Underside reflections as precursors of SS waves sample the MTZ discontinuities near the bounce point, half way between source and receiver. They provide a good global coverage of the MTZ, but they are generally analyzed at periods greater than 25 s, which limits their lateral resolution to a few thousands kilometers, due to their large X-shaped Fresnel zones near the bounce point. SS precursor results suggest significant amplitudes of MTZ thickness variations (±40 km), with a positive correlation between thick MTZ and subduction zones. The MTZ is also generally found to be thinner beneath oceanic regions than beneath continents [Gu and Dziewonski, 2002; . Deuss [2007] analyzed SS precursors beneath 26 hotspots in the period range 15-75 s. She observed a thin MTZ beneath two thirds of the hotspots. The other hotspots are characterized by a clear deepening of the 410-km and 660-km discontinuities, which can be explained by the uppermost mantle velocity structure or the effect of the majorite garnet to perovskite phase transition. This phase transition could be dominant in regions with high mantle temperatures, where it occurs near 660-km depth, with a positive Clapeyron slope, opposite to the postspinel phase boundary [Hirose, 2002] . It is however likely that long-period SS precursors do not provide sufficient lateral resolution to detect narrow thermal plumes. The majorite garnet to perovskite phase transition hypothesis needs therefore to be tested with a data set providing a better lateral resolution. This is one of the aims of the present study.
[4] P-to-S converted waves at a seismic discontinuity d (hereafter referred as Pds) provide a better lateral resolution beneath the stations. The first Fresnel zone at 10 s period can be approximated by a circular horizontal section with a radius of 150-200 kilometers at MTZ depths [Wittlinger and Farra, 2007] . Pds waves are however less suited to global studies, owing to the limited geographic distribution of seismometers, especially in oceanic areas. Recently, Chevrot et al. [1999] (hereafter referred to as CVM99) measured and compiled 82 Pds travel times at stations mostly located inland, away from hotspots and subduction zones. They found weak variations of the MTZ thickness (±10 km). In addition, their pattern of MTZ variations showed no significant correlations with results of SS precursors studies. Lawrence and Shearer [2006] (hereafter referred to as LS06) measured Pds travel times beneath 118 global seismic stations, with a better coverage of subduction zones and oceanic regions. In contrast to CVM99, their globally averaged MTZ thickness, amplitude and longwavelength pattern of MTZ thickness variations show good agreement with SS precursor results. They attributed the observed differences with CVM99 to their improved coverage of subductions and oceanic regions and the bias introduced by the use of a constant ray parameter approximation in CVM99.
[5] At regional scale, several Pds studies [Thirot et al., 1998; Gilbert et al., 2001; Liu et al., 2003; van der Meijde et al., 2005] suggest significant thickening of the MTZ beneath subduction zones. (hereafter referred as L03) studied Pds waves beneath 18 seismic stations located on oceanic islands near hotspots locations, and found MTZ thicknesses similar, or up to 15% thinner than in IASP91.
[6] Our present study extends recent global works by CVM99 and LS06 with a larger data set. We have measured
Pds arrivals converted at the 410-km and 660-km discontinuities beneath a total of 167 stations (Figure 1 ). These observations are currently the largest available data base of mantle Pds phases measured in a consistent way. They provide an improved coverage of the MTZ near hotspots, and to a lesser extent subduction zones. This allows us to compare the MTZ structure beneath stations belonging to different tectonics environments.
Data Processing
[7] Pds arrivals result from teleseismic P waves that convert a portion of their energy into shear waves at an interface located at depth d (Figure 2 ). The amplitude of Pds phases does not exceed few percent of the direct P wave. To measure such weak secondary phases, it is necessary to stack large number of seismograms corresponding to different events recorded at the same station [Vinnik, 1977] . Map showing the location of 167 FDSN stations for which we have been able to measure Pds travel times. Each station is labeled with a number referring to the first column in Table 1 , where more detailed information is provided. Weight and angles of fonts refer to the tectonic provinces to which the stations are assumed to belong (bold for ''plumes'', italic for ''subductions'', and normal for ''normal mantle'').
Differences between effective source time functions associated with each event can cause significant differences in the waveforms so we equalize the data through the building of a receiver function [Langston, 1979] .
Building the Receiver Functions
[8] We build receiver functions from the deconvolution of the record rotated along the P-axis from the record rotated along the SV-axis. The P-SV-SH configuration is better than a standard Vertical-Radial-Transverse configuration as energy of weak secondary Pds arrivals is enhanced on both SV and SH components.
[9] The P-axis record is used as an approximation of the source time function convolved with the instrument. We use the iterative deconvolution method described by Ligorria and Ammon [1999] to obtain a time series showing the response of the Earth structure beneath the receiver.
Data Selection
[10] We selected earthquakes with magnitudes higher than 6.0 recorded between 1986 and 2006. The data are 3-component seismograms corresponding to epicentral distances ranging from 40°to 95°and recorded at broad-band stations (Figure 1 ) from eight global and regional permanent arrays.
[11] To allow comparison of seismograms recorded with different instruments, all the data are deconvolved from their original instrument and then reconvolved with the transfer function of the Geoscope station PAF. The records are afterward band-pass filtered using a Butterworth filter in the period range 10-25 s. Several criteria are then applied to select the best quality data. After rotating each component, we compute the ratio between the maximum amplitude of the signal (measured on the P-axis, in a time window starting 5 s before and ending 25 s after the P theoretical arrival) and the averaged root-mean-square of the SV and SH components. All seismograms for which this signal to noise ratio is lower than 5 are discarded. After iterative deconvolution, we reject receiver functions showing significant signal before the P wave spike or large amplitudes (greater than 20% of the P wave spike) in the time window 25-90 s after the P wave arrival. At this stage, we also discard receiver functions for which the converted phase is not present for both the 410-or 660-km discontinuities. This is done through an automated search for significant positive amplitudes in a time window spanning ±7 s around the P410s and P660s theoretical arrivals.
[12] Figure 3 diplays two receiver function sections, obtained after applying our selection criteria on the waveforms recorded at two stations TAM and PPT. In general, oceanic stations such as PPT show a greater noise level compared with continental stations such as TAM.
Stacking Approach
[13] The amplitude of Pds phases converting at MTZ discontinuities is generally smaller than 4% of the P wave amplitude. A stacking approach is therefore used to increase the signal to noise ratio. The stacking procedure includes Figure 2 . Pds ray paths after ray tracing in the IASP91 velocity model [Kennett and Engdahl, 1991] for an event located at a distance of 40°from the station. Solid lines indicate P waves. Dashed lines indicate S-waves. The distance in kilometers from the receiver is indicated along the 410-km and 660-km discontinuities. For an epicentral distance of 40°the conversion points at the 410-km and 660-km discontinuities are shifted laterally from the station by 150 km and 250 km.
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corrections for the differences in travel times due to different incidence angles at the station. For each station, we build a slant stack of the selected receiver functions. We first align receiver functions on the P wave arrival times. We apply linear move-out corrections on Pds hodochrons (t Pds ) using the relation:
[14] t is the corrected travel time of the Pds-wave at the reference distance D r = 65°and dp is the differential slowness of converted waves relative to P at distance D. We test a range of dp values from À0.35 to 0.35 s/°relative to the slowness of the direct P arrival. For each value of dp, the entire series in the (t, D) domain is converted to a single trace that is a function of t. The slant stack is the resulting alignment of traces in the (t, dp) domain. Figure 4 displays slant stacks for data at TAM and PPT stations. From a theoretical (t, dp) curve computed in the IASP91 [Kennett and Engdahl, 1991] 1-D velocity model at 65°reference distance (black thick curves in Figure 4) , we extract the final stacked move-out corrected receiver functions. Our approach therefore uses the theoretical IASP91 ray parameter of the Pds phases, and does not rely on the constant ray parameter approximation used in many prior Pds studies. The absolute travel times t Pds -t P are then measured on the resulting stacked receiver functions ( Figure 5 ).
Quality Criterion
[15] Our stacked receiver functions ( Figure 5 ) are classified in four groups, depending on a quality criterion. This criterion allows us to attribute a confidence level to the travel-time measurements made at each station. It takes into account the noise level and the consistency of waveforms on the receiver function sections, the level of focusing of stacked P410s and P660s energy in the (t, dp) diagrams and the signal to noise ratio on the stacked receiver functions.
[16] The quality 1 stations present the highest signal to noise ratio at each step of the processing. The quality 2 stations show a lower signal to noise ratios on the initial receiver function section and on the (t, dp) diagram but their stacks still provide high-quality waveforms. Examples of typical receiver function sections and slant-stack diagrams for quality 1 and 2 stations are shown on Figures 3 and 4. Quality 3 and 4 stacked receiver functions are noisy and often correspond to stations where a small number of data could be stacked. [17] From an initial number of 221 stations, we discuss our results for the 167 quality 1 and 2 stations shown in Figure 1 and listed in Table 1 .
Results
[18] The reference model for the interpretation of our travel times is the IASP91 velocity model [Kennett and Engdahl, 1991] . In this model, the MTZ is 250 km thick and bounded by two discontinuities, located at 410-and 660-km depths. Ray tracing with a surface event and recorded at an epicentral distance of 65°predicts Pds conversions at the 410-and 660-km discontinuities arriving 44.2 s and 68.2 s after the direct P arrival. This corresponds to a reference differential travel time of 24 s. Although changing the depth of the source produces different incidence angles at the 410-and 660-km discontinuities, we checked that this effect can be neglected in our period range of analysis (>10 s), as it is averaged out in the stacking procedure.
[19] We use the RUM model by Gudmundsson and Sambridge [1998] and a compilation of 65 hotspot locations by Anderson and Schramm [2005] to sort our stations ( Figure 6 ). We obtain 24 quality 1 or 2 stations located near active subduction zones (subduction stations). re plotted on the x-axis. The differential slownesses p are shown on the y-axis. The black curves are (t, p) couples predicted by IASP91 [Kennett and Engdahl, 1991] . The theoretical time-slowness pairs for the P410s and P660s arrivals are shown with the black crosses.
[21] It is well known that t Pds travel times are sensitive to the strong 3-D velocity heterogeneities in the top of the upper mantle [e.g., Chevrot et al., 1999] . Figure 8 displays a comparison between our t P410s residuals (defined as t P410s observed minus t P410s predicted by IASP91) and a vertical average of seismic heterogeneities in the top 410 km of the DKP2005 shear-wave tomographic model [Debayle et al., 2005] . There is a good overall agreement between our tP410s residuals and the distribution of vertical averaged shear wave velocities above the MTZ (Figure 8 ). Slow seismic velocities observed beneath oceanic areas, midoceanic ridges or the Paleozoic lithosphere of continents are generally associated with positive t P410s residuals while high seismic velocities beneath cratons correlate well with negative t P410s residuals. The most significant disagreements are observed at HYB (47.9 ± 0.2 s) in India and NWAO (45.2 ± 0.2 s) in Australia. Figure 8 confirms that shallow seismic heterogeneities are an important source of variation in P410s travel times.
Differential Travel Times and the Apparent MTZ Thickness
[22] Differential travel times t P660s -t P410s are sensitive to variations in discontinuity depths and velocity heterogeneities within the MTZ. If the depth location of seismic discontinuities is controlled by phase changes from olivine a to b phases and g-spinel to perovskite + magnesiowüstite at pressure equivalent to 410-km and 660-km depths, cold (hot) temperature anomalies will cause thickening (thinning) of the transition zone because of the opposite clapeyron slopes of the 410-and 660-km phase transitions.
[23] The distribution of differential travel times (apparent MTZ thickness in IASP91) for our global data set has an average of 24.2 s (253 km) and a standard deviation of 1.6 s (16 km, Figure 9a [24] Figure 10 shows our differential travel times superimposed to the distribution of hotspots and subductions. 
Travel Time Corrections and Corrected Depth of the 410-km Discontinuity
[25] Deviations from IASP91 (Figures 7a and 7b) can be partly explained by effects of 3D velocity perturbations relative to IASP91 above the MTZ (Figure 8 ). We have used Figure 5 . The 167 final receiver functions used to measure our differential and absolute travel times. The waveforms are aligned on the observed P 660 s arrival times. The P 660 s and P 410 s arrival times in IASP91 are indicated with the vertical white lines. Receiver functions with differential travel-time anomalies greater than 1 s with respect to the 24 s reference time of IASP91 have their P 410 s waveforms colored in red (<23 s) or blue (>25 s). Red, blue and black colors are used for numbers and names of stations belonging to the ''hotspot'', ''subduction'', or ''normal mantle'' MTZ provinces, respectively. Numbers in parentheses are the quality criteria associated to each stack. See Figure 1 for station locations and Table 1 for the details of our travel-time measurements. [26] We first produce average 1D shear wave speed profiles beneath each station in DKP2005. We average at each depth, in the top 400 km of the tomographic model, the lateral variations in shear velocity taken in a circular region centered on the station and with a radius of 200 km. This allows us to take into account the area covered by the piercing point of the P410s phases (see Figure 2) . We predict the P410s arrival times for a shallow earthquake recorded at a distance of 65°, by ray-tracing through the average 1D S-wave profiles and the 20 s period PREM P wave velocity distribution. The time residual between the arrival time predicted by the 1D S-wave profile and IASP91 provides a time correction. We tried different P wave velocity models, starting with PREM at 20 s period, and adding P wave perturbations dV P linearly related to the S-wave perturbations dV S using scaling factors (dV S /dV P ) Figure 1 for locations), latitude, longitude, number of stacked receiver functions, data quality, absolute travel times for the P410s (t P410s ) and P660s (t P660s ) phases, differential t P410s -t P660s (D t) travel times, and the ''a priori'' tectonic province. Figure 6 . Hotspot and subduction zone locations used to define the ''subduction'', ''hotspot'', and ''normal mantle'' MTZ provinces. Hotspot locations from a compilation by Anderson and Schramm [2005] are shown with black triangles. Depth isolines in gray indicate the top of slabs after the RUM model [Gudmundsson and Sambridge, 1998 ]. Labels used for hotspot and subduction segments refer to ranging between 1.5 and 4. We found that the choice of the P wave model has little effect on the predicted t P410s arrival times. We also tried the S-wave model of Ritsema et al. [1999] with the same range of P wave models as for DKP2005. We found very similar results.
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[27] These time corrections are equivalent to a time-todepth migration. We have performed the time-to-depth migration using the S and P wave velocity distribution of (1) IASP91; (2) PREM at 20 s period; (3) a model made by DKP2005 for the S-wave distribution and PREM at 20 s period for the P wave velocity. Corrected depths for the 410 km are shown for the normal mantle (Figure 11a ), subduction ( Figure 11b ) and hotspots (Figure 11c ) subsets of stations. The apparent 410-km depth curves obtained for the normal mantle are roughly symmetrical with respect to the standard depth of 410 km (Figure 11a ). For the subduction province, about two thirds of the stations display a shallower 410-km discontinuity (Figure 11b ) and this proportion increases to 80% if we consider only the stations with error bars smaller than 5 km. The most striking result is observed for hotspots, where the 410-km discontinuity depth is deflected downward beneath a large majority of the stations (Figure 11c ).
Discussion
Anomalous Observations and Error Measurements
[28] Some of the stacks shown in Figure 5 display complicated waveforms. For instance, we observe two peaks around the time of the P410s arrival at stations GVD, INU, PEL and WMQ. The obtained MTZ thicknesses and apparent discontinuity depths depend on the choices made when selecting the peaks. We checked that at each of these stations, choosing another peak would produce unrealistic apparent depths for the 410-km discontinuity. We also carefully checked the consistency of the receiver functions using sections such as the ones shown in Figure 3 , sorted by back-azimuth or epicentral distance. We believe [29] Standard errors on our travel-time measurements are estimated using a bootstrap resampling approach [Efron and Tibshirani, 1991] and are given in Table 1 . They range from 0.1 s ($1 km) to about 1.5 s ($15 km). The mean value is 0.5 s ($5 km). Errors larger than 1 s have been found at 24 stations, 2 of them belonging to the hotspot group (ASCN and CRZF), 7 to the subduction group (DZM, GAR, GVD, NNA, OTAV, SNZO and TSK) and 15 to the normal mantle group of stations (COR, DAG, DWPF, JOHN, MELI, MORC, MPG, PAB, PALK, PMB, PTGA, SAML, SDV, SNAA and TEIG). These large errors may be due to the weak number of stacked data or to strong 3D heterogeneities or topography variations beneath the station. They suggest that the travel times should be interpreted with cautions.
[30] Stations PET, YSS and HYB have broad P410s peaks and small errors. These small errors mean that the travel times are weakly sensitive to the selected bootstrap sample and correspond to features that are common to most receiver functions at these stations. However, a broad peak may indicate that the waveform complexity has not entirely been taken into account in the error estimation, and this should be kept in mind when interpreting the travel times at these stations.
[31] We did not measure the t P410s travel times and associated errors at stations showing broad P410s peaks and very weak or null P410s amplitudes (ESK, HNR, MBWA, SUR, WLF).
[32] Some stations are therefore associated with significant waveform complexity and travel-time errors. For this reason, we do not interpret individual travel times in the following sections of this paper. Instead, we focus on the robust tendencies that can be extracted from our 167 stations.
Average MTZ Thickness
[33] In IASP91, the 24 s average differential travel time found in CVM99 is compatible with a MTZ average thickness very close to 250 km. LS06 pointed out a 8 km discrepancy between this value and results of SdS studies by Flanagan and Shearer [1998] or Gu and Dziewonski [2002] . They suggested that the discrepancy between Pds and SdS studies is due to the limited geographic sampling of Pds measurements and the constant ray parameter approximation used in CVM99.
[34] To allow a direct comparison between CVM99, LS06 and our differential travel-time measurements (hereafter referred as TDW08), we converted CVM99 and TDW08 travel times into MTZ thicknesses using the PREM model at 20 s period [Dziewonski and Anderson, 1981] [35] The CVM99 average MTZ thickness reduces to 243 km and provides now the best agreement with SSprecursor studies (242 km in Flanagan and Shearer [1998] ; Gu and Dziewonski [2002] ). This clearly demonstrates that the global average thickness is strongly influenced by the velocity model, as well as by the constant ray parameter approximation.
[36] Both LS06 and our study agree on a thicker average MTZ of 247 km, but as in LS06, we do not consider that this is inconsistent with SS-precursor studies. As Pds waves preferentially sample the thick MTZ of continents, they are likely to provide an upper bound for the MTZ thickness [Gu and Dziewonski, 2002] .
Lateral Variations in MTZ Thickness
[37] Figures 12a, 12b , and 12c reveal another striking difference between CVM99 observations and the two other studies. TDW08 and LS06 show an overall agreement for the lateral variations in MTZ thickness, with typical amplitudes of ±20 km and maximal variations reaching ±35 -40 km in both studies. In contrast, the observed variations are much weaker in CVM99 and stay within ±10 km of the global average, except for two noisy stations in the South Pacific (PPT and RAR).
[38] As noticed by Lawrence and Shearer [2006] , one part of the discrepancy may be attributed to the different sampling of the Earth. Chevrot et al. [1999] use essentially continental stations, in general far from the influence of major subduction zones and hotspots. In CVM99, only 11 stations belong to the ''subduction'' province against 22 in LS06 and 24 in TDW08. In addition, 8 stations of CVM99 belong to the ''hotspot'' province against 12 in LS06 and 22 in TDW08.
[39] However, significant differences remain at stations that are common to CVM99 and the two other studies, and the repartition of stations cannot explain all the observed discrepancies. Figure 13 compares the observed MTZ thicknesses for the stations common to TDW08 and CVM99 (48 stations), TDW08 and LS06 (73 stations), and LS06 and CVM99 (28 stations) . Although there is a reasonable correlation between TDW08 and LS06, the correlation between CVM99 and the two other studies is weak or null, except for a small number of stations.
[40] Finding the cause of these differences is difficult, as a number of factors influence the MTZ thickness observa- tions (number of data, repartition in back azimuth, quality and frequency content). We assume the most significant part of the discrepancy comes from the number of data, as the two most recent studies by LS06 and TDW08 include a much larger number of data compared to CVM99. For instance, the average number of receiver functions stacked per station is around 163 in our study against 55 in CVM99.
Observations Beneath Normal Mantle Stations
[41] The normal MTZ subset of stations shows up with the largest scatter in MTZ thickness (Figure 9b ), suggesting that significant variations of the discontinuity topography and/or transition zone wave speeds are present away from subductions and hostposts. At least 40% of our ''normal MTZ'' measurements differ by more than ±1 s from IASP91, suggesting that what we call the ''normal MTZ'' region is in fact an heterogeneous region. Our coarse a priori regionalization assumes that the mantle is unperturbed away from active slabs and hotspots, without considering the effect of other heterogeneities such as fossil subduction zones, stagnant slabs, or plumes that may not have reached the surface. It is for example possible that the fossil Farallon subduction contributes to the NW -SE pattern of thick MTZ observed beneath the normal MTZ stations of north and central America (Figure 10 ).
Observations Beneath Subduction Stations
[42] Two thirds of the ''subduction'' stations have an anomalously large MTZ thickness (Figure 9d ). The MTZ thickness can be converted in a thermal anomaly, assuming that this anomaly is constant within the transition zone and that seismic heterogeneities within the MTZ can be neglected. We use Clapeyron slopes of +3 MPa/K and À3 MPa/K for the ''410'' and the ''660'' respectively. These values are in the range of previous published values, 1.5 to 3.5 MPa/K for the 410-km and À4.0 to À2.0 MPa/K for the 660-km discontinuities [Akaogi et al., 1989; Suito, 1977; Ito et al., 1990; Bina and Helffrich, 1994] .
[43] Using these assumptions, we found that under half of the subduction stations (NIL, PEL, NNA, YSS, NOUC, MDJ, DZM, ISP, CSS, PET, INU and GAR), the MTZ thickness is compatible with a thermal anomaly ranging between À100°and À300°K ( Figure 5 ).
[44] We then require the obtained thermal anomaly to be compatible with the ''410'' apparent topography, in addition to be compatible with the apparent MTZ thickness. The number of stations fitting both conditions reduces to 7: the observed MTZ thickness (Table 1) and ''410'' apparent depth of stations INU, PET, CSS, YSS, PEL, SNZO and NIL can be explained by a single thermal anomaly ranging between À100°and À300°K. At other stations, the MTZ thickness and the ''410'' apparent depth are more difficult to interpret with a single thermal anomaly. Stations COL and COLA in Alaska and CHTO in Thailand show a normal MTZ thickness but an uplifted 410-km discontinuity. In these regions the slab may not have reached the bottom of the transition zone [Replumaz et al., 2004; Qi et al., 2006] . Cases where the MTZ is clearly thickened, with the major part of the topography restricted to the ''660'' (ISP in Aegea, NOUC and DZM for New Hebridies, GAR for Hindu and MDJ for Japan subduction zones) are more difficult to explain. It is likely that our assumption that . Topography of the 410-km depth discontinuity for (a) the ''normal mantle'' subset of stations, (b) the ''subduction'' subset of stations, and (c), the ''hotspot'' subset of stations. DKP2005 [Debayle et al., 2005] , IASP91, and PREM 20s velocity models were used to convert arrival times into depth. Stations are sorted by order of decreasing depths after migration in DKP2005. The horizontal black dashed line marks the reference depth of the 410-km discontinuity in IASP91. Right y-axis gives thermal perturbations expected for depths given on the left y-axis and using a +3 MPa/K Clapeyron slope. The numbers on the x-axis refer to stations in Table 1. the structure does not vary laterally beneath the station is more restrictive beneath subduction stations where strong 3D heterogeneities are likely to be present. This could also explain the relatively large measurement errors (>0.7 s) observed at stations DZM, GAR, GVD, INCN, ISP, NNA, NOUC, TSK and OTAV.
[45] Our observations of MTZ thicknesses ( Figure 9c ) and 410-km apparent topography (Figure 11b ) suggest that at least in some cases, deep cold slabs affect the topography of the 410-and 660-km discontinuities in a way which is consistent with the Clapeyron slopes of olivine. However, large uncertainties remain on the effect of 3D seismic heterogeneities located within and above the transition zones, and it is difficult to estimate accurately the corresponding temperature anomalies.
Observations Beneath Hotspots
[46] In general, the ''410'' corrected depth under hotspots remains at least 10 km deeper than in the IASP91 model, with the exception of few continental stations (BFO, ECH, IBBN, STU) neighboring the Eifel hotspot and the oceanic station RPN near the Easter hotspot (Figure 11c ). L03 made a similar observation using a lower frequency data set of P-to-Sv converted waves, but without applying corrections for 3D upper mantle or crustal structure.
[47] In our case, the uncorrected depths predict thermal perturbations ranging from +300°K to more than 500°K. After 3D velocity corrections, we obtain a more realistic distribution of thermal anomalies at 410-km depth, ranging from +100°to +300°K. For this range of thermal perturbations, pressure-temperature dependence of olivine phase transformations should produce a 15-40 km thinning of the MTZ. However, a deep apparent 410-km discontinuity is not always associated with a thin MTZ in our observations. Indeed, for most of the ''hostspot'' stations, the apparent MTZ thickness ranges within ±10 km of the 250 km of IASP91 (±1 s of the 24 s of IASP91, Figure 9c ).
[48] Several scenarios can be invoked to reconcile our apparent 410-km discontinuity depths and the MTZ thicknesses. Some of the hot anomalies observed near 410-km depth may not be continuous throughout the MTZ down to the 660-km discontinuity. However, mantle plumes are thought to originate from a thermal boundary layer, and it is difficult to imagine that such plumes can originate somewhere between the 410-km and 660-km discontinuities, especially as some observations of deep apparent 410-km and 660-km discontinuities (e.g., ATD, BORG, PPT, TAM, Table 1 ) require strong cold anomalies at 660 km, of the order of what would be expected for cold subducted material.
[49] A second explanation may come from our velocity corrections. As we do not correct for velocity heterogeneities within the MTZ, our estimated thickness will be biased toward thicker values if a slow velocity anomaly is present within the MTZ. We may also underestimate the t P410s correction if we underestimate the amplitude of slow velocity perturbations above the MTZ. It is therefore possible that our imperfect knowledge of the 3D distribution of seismic heterogeneities within the upper mantle is responsible for at least part of the observed discrepancy between our differential and absolute travel times.
[50] In the next section, we explore an other alternative, in the light of recent results of mineral physics.
Effect of the Majorite-Perovskite Phase Transition
[51] The a to b transition and the postspinel transformation in olivine are generally believed to be responsible for Figure 12 . MTZ thickness variations after depth migration in the PREM model at 20 s period [Dziewonski and Anderson, 1981] for (a) the Chevrot et al. [1999] data set, (b) this study, and (c) the Lawrence and Shearer [2006] data set. Radii of the dots linearly depend on the perturbation from the global average of each study. Blue is for a thick MTZ; red is for a thin MTZ.
the observed 410-km and 660-km seismic velocity discontinuities in the mantle. An elevation of the 660-km boundary is thus expected in regions with high mantle temperatures.
[52] However, another major component of the mantle, majorite garnet, may also transform into perovskite at around 660-km depth. At high temperatures (above 2100°K, +200°t o +300°K higher than the global average), this phase transition is found at 660-km depth with a positive Clapeyron slope (+1.3 MPa K À1 ) [Hirose, 2002] which would imply a deepening of the reaction with increasing temperatures. The majorite garnet and postspinel phase transitions occur at similar depths, so that the observed seismic discontinuity could be caused by a combination of both phase transitions [Hirose, 2002] . A broad (30 km thick) velocity discontinuity may result from this combination but would still convert sufficient energy to be detected by our long period data set (>10 s period). If the positive Clapeyron slope of the majorite garnet transformation counterbalances the negative Clapeyron slope of the postspinel transformation within high-temperature plumes, the depth of the 660-km discontinuity may be less temperature sensitive and greater [Hirose, 2002] . In this case, the resulting MTZ thickness variation is expected to be weak, as it depends on the difference between the 410-km and 660-km Clapeyron slopes.
[53] This is indeed what we observe: most of our 410-km apparent topography observations are compatible with thermal anomalies of an order of +200°to +300°K at 410-km depth under hotspots, but are associated to MTZ thickness variations limited to ±10 km around IASP91 (Figure 9c ).
[54] If the effect of the majorite-perovskite phase transition is to reduce the MTZ thickness variations within hightemperatures plumes, the MTZ thickness may not be a suitable discriminant parameter to detect deep mantle plumes. Because the 410-km discontinuity is not affected by the majorite/garnet phase transformation, the less robust apparent depth of the 410-km discontinuity may contain important information to detect mantle plumes. Figure 11c confirms that the 410-km discontinuity is in general deflected downward beneath hotspot stations.
[55] Using SS-precursor observations beneath twenty-six hotspot locations, Deuss [2007] found evidence for late arrivals and deeper than average depths for the 410-km discontinuity in about two thirds of the cases. As in this study, most locations with deep 410-km discontinuities have thin or average transition zone thicknesses.
Conclusions
[56] We have measured travel times of Pds converted waves at the 410-km and 660-km discontinuities beneath 167 seismic stations. Our results extend previous work by LS06 and CVM99 with a larger data set, especially near hotspots and subduction zones.
[57] We confirm that average MTZ thicknesses derived from Pds and SS precursors studies are consistent, if we take into account the fact that Pds are likely to provide an upper bound for the MTZ thickness because they preferentially sample continental regions. After migration in the PREM model at 20 s period, we obtain as in LS06, an average MTZ thickness of 247 km slightly greater than in CVM99. It is however clear that MTZ thicknesses should be interpreted with caution, as they are strongly influenced by the velocity model used for the migration.
[58] We find significant lateral variations in the MTZ thickness, with maximal amplitudes of ±35-40 km, and a long-wavelength pattern in overall agreement with SS precursor studies. These lateral variations remain important in regions of the mantle located away from hotspots and Figure 13 . Correlation plots between MTZ thicknesses obtained by Chevrot et al. [1999] (CVM99), Lawrence and Shearer [2006] (LS06), and this study (TDW08): (a) CVM99 versus TDW08 thicknesses, (b) LS06 versus TDW08 thicknesses, and (c) CVM99 versus LS06 thicknesses. Differential travel times were converted into depths in PREM at 20 s period [Dziewonski and Anderson, 1981] .
B08309 TAUZIN ET AL.: NO EVIDENCE FOR THIN MTZ UNDER HOTSPOTS present subductions. We observe a NW-SE pattern of thick MTZ beneath central and north America, which suggests a thickening of the MTZ associated with the fossil Farallon subduction. The MTZ is generally found to be thick under subductions (compatible with a thermal anomaly between À100°K and À300°K) and thin or normal beneath oceanic regions, but there is no clear evidence for a thinning of the MTZ beneath hotspots.
[59] However, although the MTZ is generally not significantly thinner beneath hotspot stations, the 410-km discontinuity remains generally deflected downward. This suggests that the depth of the 660-km discontinuity is less temperature sensitive in hot regions of the mantle, which is consistent with a phase transition from majorite garnet to perovskite at a depth of 660 km. If correct, the main effect of hot mantle plumes crossing the MTZ is expected to be observed on the topography of the 410-km discontinuity, which underlines the importance of mapping accurately its depth. Our ability to achieve an accurate mapping of the 410-km absolute topography relies on our ability to perform accurate 3D shallow velocity corrections, which is an important issue to address in future.
